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Abstract
We consider the reaction e−e− → q q q¯ q¯ as a test of lepton number non-conservation
in the framework of the left-right-symmetric electroweak model. The main contribu-
tions to this process are due to Majorana neutrino exchange in t-channel and doubly
charged Higgs (∆−−) exchange in s-channel with a pair of right-handed weak bosons
(WR) as intermediate state. We show that in a linear e
−e− collider with the collision
energy of 1 TeV (1.5 TeV) the cross section of this process is 0.01 fb (1 fb), and it will,
for the anticipated luminosity of 1035 cm−2, be detectable below the WR threshold.
We study the sensitivity of the reaction on the masses of the heavy neutrino, WR and
∆−−.
1 Introduction
The electroweak model with the left-right (LR) gauge symmetry SU(3)c ⊗ SU(2)L ⊗
SU(2)R ⊗ U(1)B−L, proposed in [1], is one of the most popular extensions of the
Standard Model (SM). It gives a better understanding of parity violation than SM and
it maintains the lepton-quark symmetry in weak interactions. Parity is in it broken
spontaneously, and embedding of the model into the SO(10) grand unified scheme [2]
can be implemented consistently when the scale of the discrete LR-symmetry breaking
is more than 1 TeV or so.
Perhaps the most important property of the LR-model is its ability to provide, in
terms of the seesaw mechanism [3], a simple and natural explanation to the smallness
of the masses of the ordinary neutrinos. This results from the mixing of the ordinary
left-handed neutrinos with right-handed neutrinos, which quite naturally achieve a
Majorana mass of the order of 2–3WR-masses [4]. The ordinary neutrinos are predicted
by this model to be very light, but – in contrast with the SM – not exactly massless,
Majorana particles. The recent observation by the SuperKamiokande experiment of
the atmospheric neutrino oscillations [5] confirmed that at least some of the neutrino
species do have a mass, giving an additional argument in favour of the LR-symmetric
model.
An essential ingredient of the LR-model are the triplet scalars. They are needed to
break the LR-symmetry in a consistent way so that at low energies the model repro-
duces the SM interactions and at the same time give rise to the seesaw mass mechanism
of neutrinos. Their interactions with fermions break the lepton number by two units,
|∆L| = 2, as do the Majorana mass terms of neutrinos they give rise to. The e−e−–
collisions give the most pure environment to study the |∆L| = 2 interactions, because
the corresponding SM background is suppressed as the lepton number is conserved in
the SM. In the literature different observable lepton number violating processes, in-
cluding doubly charged Higgs production [6], vector-boson pair and triple production
for electron-positron and electro-electron colliders [7, 8], have been investigated.
In the present paper we will study the lepton-number violating process
e−e− → q q q¯ q¯ (1.1)
with various quark flavour combinations. This process, as it breaks the lepton number,
is forbidden in the SM. One would expect to obtain indirect evidence of the LR-model
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via this process well below the threshold of W±R , the gauge boson of the right-handed
interactions, and other new particles predicted by the model.
According to the existing plans the Next Linear Collider (NLC) will operate at
energies up to
√
s ≈ 1− 2 TeV, and it is assumed to have a luminosity of the order of
1035 cm−2 [9]. We will show in this paper that with this kind of equipment it will be
possible to detect the reaction (1.1) for a reasonable choice of the parameters of the
LR-symmetric model and obtain quite strong mass constraints for the new gauge and
Higgs bosons of the model.
The organization or this article is as follows: in Section 2 we give the description
of particle content, lagrangian and general properties of the LR-model; in Section 3 we
derive the amplitudes of the reaction (1.1) and discuss the corresponding reactions with
a leptonic final state; in Section 4 we present the numerical results of our calculations;
in Section 5 we discuss the SM background; and Section 6 is devoted to conclusions.
2 Description of the model
In the LR-model quarks and leptons are assigned to the following SU(2)L×SU(2)R×
U(1)B−L representations [11]:
QiL =

 u
d


iL
= (2, 1,
1
3
); QiR =

 u
d


iR
= (1, 2,
1
3
) (2.1)
ΨiL =

 ν
e


iL
= (2, 1,−1); ΨiR =

 ν
e


iR
= (1, 2,−1), (2.2)
where i is the flavour index. In addition to the SM particles, each family contains a
right-handed neutrino. The gauge sector differs from the SM due to presence of right-
handed gauge bosons WR and ZR. The scalar sector should contain essentially more
particles than in the SM. In order to generate fermion masses one needs the Higgs
bidoublet with the following quantum numbers:
Φ =

 φ01 φ+1
φ−2 φ
0
2

 = (2, 2∗, 0),
and with the following vacuum expectation value (VEV)
< Φ >=
1√
2

 k1 0
0 k2


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This is, however, not enough to accomplish the spontaneous symmetry breaking of the
gauge group SU(2)L×SU(2)R×U(1)B−L into the SM symmetry, but some other Higgs
field with non-vanishing B − L is needed. There are several alternatives for the addi-
tional Higgs multiplet [12], but if one wants to generate neutrino masses through the
seesaw mechanism, the triplet Higgs field ∆R, sometimes also called a Higgs-Majoron,
is needed:
∆R =

 ∆+R/
√
2 ∆++R
∆0R −∆+R/
√
2

 = (1, 3, 2) (2.3)
with the vacuum expectation value:
〈∆R〉 = 1√
2

 0 0
vR 0

 . (2.4)
If one imposes an explicit L ↔ R symmetry, the corresponding left-handed Higgs-
Majoron field should also be introduced:
∆L =

 ∆+L/
√
2 ∆++L
∆0L −∆+L/
√
2

 = (3, 1, 2) (2.5)
with the vacuum expectation value:
〈∆L〉 = 1√
2

 0 0
vL 0

 . (2.6)
As far as masses of neutrinos and gauge bosons are concerned, the presence of the
left-handed Higgs-Majoron is not, however, essential.
The most general potential describing self-interactions of the scalar fields introduced
above can be found, e.g., in [12]. There exist severe phenomenological bounds on the
parameters of this potential, particularly from the limitations on the flavour changing
neutral currents (FCNC). Since the choice vL = k2 = 0 satisfies these bounds [12] we
will restrict ourselves in this paper to this case. This choice means in particular that
we do not allow any mixing between charged vector boson fields WL and WR. Then
the masses of the charge vector bosons are given by the expression
M2WL =
1
4
g2Lk
2
1 , (2.7)
M2WR =
1
4
g2R(2v
2
R + k
2
1). (2.8)
In the case of explicit left-right symmetry gauge couplings of both SU(2) groups
should be equal (gR = gL ≃ 0.64). Without this symmetry the internal consistency
within the model requires nevertheless gR ≥ 0.55 gL [13]. The experimental value of
the left-handed charged boson mass is MWL = 81 GeV, while the lower bound from
Tevatron is MWR > 650 GeV [17].
As for the fermion masses, they come from the Yukawa interactions of quarks and
leptons:
−LY uk = Ψ¯iL(fijΦ+ gijΦ˜)ΨjR + h.c.+ Q¯iL(f qijΦ+ gqijΦ˜)QjR + h.c.+
+ hR,ijΨ
T
iRCσ2∆RΨjR + hL,ijΨ
T
iLCσ2∆LΨjL + h.c., (2.9)
where Φ˜ = σ2Φ
∗σ2 and i, j are flavour indices. This yields the usual quark 3× 3 mass
matrix and charged lepton masses, while for the neutrino one obtains the seesaw mass
matrix:
M =

 mL mD
mTD mR

 . (2.10)
The entries are 3 × 3 matrices given by mD = (fk1 + gk2)/
√
2, mL =
√
2hLvL and
mR =
√
2hRvR. We will also ignore possible mixing between the lepton families, so
that these matrices are assumed diagonal. Natural seesaw condition impliesmDi ≈ mli,
where mli is the charged lepton mass, while the evident phenomenological left-right
hierarchy implies vR >> k1 and hence mRi >> mDi. The ensuing neutrino masses
are mν1i ≃ m2Di/mRi and mν2i ≃ mRi. The mixing angle η between left-handed and
right-handed neutrino states is given by
tan 2ηi =
2mDi
mRi
. (2.11)
Since it is natural that scale of right-handed neutrino masses is of order 1–3MWR [4, 7],
the following values of the mixing angle η are reasonable:
η1 ≈ me
mR
= 0.5 · 10−6,
η2 ≈ mµ
mR
= 10−4,
η3 ≈ mτ
mR
= 2 · 10−3.
We will use these values in the following calculations.
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3 Feynman amplitudes
Let us first give the arguments that make us to consider the reaction (1.1) particularly
suitable for testing the LR-model. First of all, the final state particles are all light, so
that there is no kinematical suppression for the process, in contrast with, e.g., the WR
pair production. Consequently, one may expect to detect evidence of the LR-model
through this reaction well below the WR threshold. The same is true, of course, for
the leptonic final states, for example for the reaction e−e− → µ− µ− µ− µ+. Reactions
with ordinary neutrinos in the final state are not very useful as invisibility of neutrinos
makes them not easy to distinguish from the background processes. Also, reactions
with final state electrons are not that good because of the possible mix-up of the initial
and final state particles.
In Fig 1. and Fig. 2 we show Feynman diagrams for the reactions e−e− →
µ−µ−µ−µ+ and e−e− → bbt¯t¯, respectively. The reason for our studying the four-quark
final states instead of the four-lepton final states becomes evident from these figures.
One can see that the reaction with leptons in the final state does not involve charged
vector bosons as intermediate states but is quite sensitive to the structure of the neutral
current sector, while the reaction with quarks in the final state involves charged vector
bosons, particularly the right-handed boson WR, but not the neutral ones. There is
a variety of extensions of the Standard Model where one has extra neutral gauge bo-
son(s), such as the superstring-inspired E(6) models [18], but no new charged gauge
bosons, in contrast with the LR-model. Hence the reactions like e−e− → b b t¯ t¯ that
involve charged currents but not neutral currents offer a more unambiguous test of the
LR-symmetric model than the leptonic processes.
Consequently, we have chosen the processes e−e− → q q q¯ q¯ for our further investi-
gation. We prefer final states with b-quarks as the b-jets are relatively easy to identify
in experiment (the same should be expected for t-jets) [19]. From this point of view,
the best process for a study would be e−e− → b b t¯ t¯. However, as will be seen from
our numerical results, it will possible to measure the cross section also for the 4-jet
reactions with no b-jets, as well as for the reactions with a single b-jet.
The Feynmann graphs for the process e−e− → bb t¯ t¯ are presented in Fig.2. Some of
these diagrams may be safely neglected without any substantial effect on our numerical
results. First of all, since the left-handed electron neutrino is very light (mν1 < 1 eV)
compared with the right-handed one (for which the seesaw mechanism in its simplest
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form implies mν2 ≃ 1 − 2 TeV) and with the collision energy, the amplitudes 2, 3,
6 and 7 in Fig.2 have, in comparison with, say, diagram 9, an extra overall factor of
mν1/mν2 or mν1/
√
s due to the lepton-number-violating neutrino propagator and they
may be therefore ignored. Diagrams 4, 5 and 8 contain, due to neutrino mixing, a
small parameter sin η1 in the eν2W
+
L vertex:
Leν2WL ≃ sin η1 ·
gL√
2
W+LµΨ¯eLγµΨν2L + h.c., (3.1)
and also their contribution can be neglected. Hence there are only two amplitudes,
corresponding to the diagrams 1 and 9, that are relevant.
The following lagrangian vertices give rise to the diagrams 1 and 9:
hR,11 ·∆−−ΨTeLCΨeL + h.c., (3.2)
where hR,11 is defined in (2.9),
− g
2
R√
2
vR ·∆−−W−RW−R + h.c. (3.3)
which originates in the kinetic term of the Higgs-Majoron field, and
− gR√
2
· VtbW+µRt¯RγµbR. (3.4)
The total amplitude is then:
Mss′rr′qq′ = e
T
s (p1)Tµµ′es′(p2) ·
(
i
gR√
2
Vtb
)2
·
1√
2
[
t¯rγ
µγRbq · t¯r′γµ′γRbq′ + t¯rγµγRbq′ · t¯r′γµ′γRbq
]
(3.5)
Here es, bq, t¯r denote the electron, b and t¯ 4-spinors with the corresponding spin indices,
γR ≡ (1+γ5)/2, Vtb is the element of the right-handed Kobayasi-Maskawa matrix. Tµµ′
contains the contributions from different channels:
Tµµ′ = T
s
µµ′ + T
t
µµ′ + T
u
µµ′ . (3.6)
The s, t, u indices correspond to the Mandelstam variables if one treats charged bosons
involved in the considered Feynman diagramms as a final state particles (in other words,
each of the two b, t¯ clusters is treated as a single particle). Then, in correspondence
with [7], we have:
T sµµ′ = hR11(1 + γ5) ·
iC · i
k2 −M2
∆−−
(−2i) g
2
R√
2
· gνν′Πµν(k1)Πµ′ν′(k2) (3.7)
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T tµµ′ =
(
igR√
2
)2
γνγR · iC−1 /p+m
p2 −m2γ
ν′γRΠµν(k1)Πµ′ν′(k2) (3.8)
T uµµ′ =
(
igR√
2
)2
γνγR · iC−1 /p+m
p2 −m2γ
ν′γRΠµν(k2)Πµ′ν′(k1) (3.9)
Here k is the 4-momentum of the doubly charged Higgs, p is the 4-momentum of the
Majorana neutrino, k1,2 are the 4-momentum of the charged bosons, and
Πρλ(q) =
−i
q2 −M2WR + i2ΓWRMWR
(
gρλ − qρqλ
M2WR
)
is the Breit-Wigner form of massive vector boson propagator ( this is the form form
the propagators are used by CompHEP [10]) . For the ”t-channel” amplitude one
has p = p1 − k1, p + p2 = k2, while for the ”u-channel” amplitude the momentum
conservation law implies p = p1 − k2, p+ p2 = k1.
We estimate the width of the right-handed boson to be ΓWR ≈ ΓWL ·MWR/MWL ,
and that of the doubly-charged Higgs-Majoron Γ∆−− ≈ 0.053M∆−− . For the right-
handed neutrino we assume ΓνR ≈ 7− 70 GeV for mν2 ∼ 1–2 TeV, but the width has
not much effect on our results since the right-handed neutrinos are far from their pole
in our case.
4 Numerical results
By means of CompHEP [10] we have derived the squared matrix elements for e−e− →
b b t¯ t¯ and computed the ensuing the cross sections at the collision energies
√
s = 1
TeV and
√
s = 1.5 TeV. The results depend on a number of unknown parameters of
the LR-model, the most important ones being the masses of the right-handed boson
WR and doubly charged Higgs-Majoron ∆
−−. As was discussed before, we consider
theory without WL −WR mixing and neglect small effects of the seesaw mixing. We
restrict ourselves to the manifestly left-right symmetric case, implying that the left and
right-handed interactions have the same coupling strength, i.e. gL = gR, and that the
Kobayasi-Maskawa mixings of the right-handed charged currents are exactly the same
as those of the left-handed ones, in particular V Rtb = V
L
tb ≡ Vtb.
We evaluate the values of the gauge coupling constants at the linear collider energy
scale
√
s through one-loop massless renormalization group equations of the SM without
the Higgs boson contribution:
g2(s) = g2(M2Z)
(
1 +
g2(M2Z)
16pi2
10
3
log
s
M2Z
)−1
,
8
g′2(s) = g′2(M2Z)
(
1− g
′2(M2Z)
16pi2
20
3
log
s
M2Z
)−1
, (4.10)
which are related to e and sin θW as:
e2 =
g2g′2
g2 + g′2
, sin2 θW =
g′2
g2 + g′2
. (4.11)
Here MZ is the neutral Z-boson mass. We do not take into account in these equa-
tions the additional particles of the LR-model, making the assumption that they are
effectively decoupled due to their large mass. The effects of any possible light Higgs
particle are also neglected since they are anyhow relatively small. At the energy scale
of order of the SM neutral Z boson mass (
√
s = MZ = 91 GeV) we use the standard
electroweak input [14, 15, 16].
In Fig. 3 we show the energy dependence of the total cross section of the process
e−e− → b b t¯ t¯ for various values of masses of the triplet Higgs ∆−− and the right-
handed neutrino ν2. In all the cases the right-handed boson mass is taken to be
MWR = 700 GeV. We remind that the present experimental lower bound from the
Tevatron measurements is MWR ≃ 650 GeV [17].
The plot Fig. 3a presents the cross section for the case of the right-handed neutrino
mass mν2 = 1 TeV and for three different values of M∆−− (600, 1000, 1500 GeV) as
indicated in the figure. The characteristic behaviour of these curves is that they all
have a resonance at M∆−− =
√
s and the cross section grows by several orders of
magnitude above the WR threshold. The value of the cross section at the resonance is
determined by the ∆−− width and depends on the assumption we made on it in the
previous section, while the growth above the WR threshold is easy to understand since
the phase space above the threshold contains the poles of the charged right-handed
boson propagator.
In the plot in Fig. 3b presents the cross section in the case mν2 = 1.5 TeV for the
triplet Higgs mass values M∆−− = 400, 800, 1200, 2000 GeV. A comparison with Fig.
3a shows that the increase in the right-handed neutrino mass makes the cross section
larger. The reason for this is obvious: the amplitude represented by the diagrams 1
and 9 of Fig. 2 increases with the growth of Yukawa coupling of the neutrino hR,11.
As we keep MWR and gR fixed, also the the VEV vR of the Higgs triplet is fixed,
and so the increase of the right-handed neutrino mass is solely due to a corresponding
increase of the Yukawa coupling hR,11. This makes the contribution of the diagrams
1 and 9 larger than in the case of Fig. 3a. On the whole, the intimate relation of
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the neutrino mass and lepton number violating couplings in the LR model is directly
reflected in the behaviour of the cross sections.
In Fig. 3c we present the cross section for mν2 = 2 TeV for three different values of
the triplet Higgs mass, M∆−− = 800, 1200, 1600, 2000 GeV. In all cases MWR = 700
GeV. The value mν2 = 2 TeV, when MWR = 700 GeV, corresponds to a value of the
coupling constant hR,11 close to unity. Going beyond this to higher neutrino masses
would not yield reliable results due to the unitarity bound.
Given the cross sections, it is interesting to study what will be the sensitivity of
the NLC in testing the central parameters of the LR-model through the reaction (1.1).
In the following we will present the contours in the MWR −M∆−− plane corresponding
to various event rates of e−e− → b b t¯ t¯. We consider the collision energies 1 TeV
and 1.5 TeV and the anticipated luminosity of 1035 cm−2 · s−1 appropriately scaled
with the collision energy (we consider the luminosity to be approximately proportional
to the collision energy). At the collision energy
√
s = 1.5 TeV the process with the
cross section σ = 0.01, 0.1, 1 fb would produce 30, 300 and 3000 events per year,
correspondingly.
In deriving the contours one cannot use the computed cross sections as such but
has to impose several phase space cuts to make quark jets unambiguously identified.
Following the arguments of [19] we apply the following cuts:
– Each b-jet should have energy more than 10 GeV.
– Each t-jet should have energy more than 190 GeV.
– The opening angle between two detected jets should be greater than 20◦.
– The angle between each detected jet and the colliding axis should be greater than
36◦.
– The total energy of the event should be greater than 400 GeV.
In Fig. 4 we display the MWR −M∆−− histogram of the cross section of e−e− →
b b t¯ t¯ and the contour levels corresponding to σ = 0.015 0.15, 1.5 fb for the colliding
energy
√
s = 1 TeV and right-handed neutrino mass mν2 = 1.5 TeV. The histogram
has the evident resonanse behavior in M∆−− , when MWR is kept fixed, while the
increase of the charged boson mass with M∆−− = const causes the decrease of the
cross section. This happens because the gauge coupling remains fixed and hence the
inrease of charged boson mass leads to the increase of the Higgs-Majoron VEV which
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should be compensated (since neutrino mass is also fixed) by the decrease of the Yukawa
coupling hR,11.
As can been seen from these contours, near the ∆−− resonance the process will
be sensitive to values of MWR that are much above the present lower limit of 650
GeV obtained from direct searches at Tevatron, and that also exceed the collision
energy, assuming that some tens of annual events is enough for the signal. Away from
resonance, the bound one could obtain on MWR is about 700 GeV, i.e. no improvent
to the present bound. The constraint on the mass of the doubly charged Higgs ∆−−
is generally stronger than that on the MWR .
As the cross section is proportional to the mass of neutrino, the larger mν2 the more
stringent are the ensuing constraints. This is demonstrated in Fig. 5 where mν2 = 2
TeV.
Increasing the collision energy will, of course, lead to more restrictive bounds. In
Fig. 6 and 7 we present the sensitivity contours for
√
s = 1.5 TeV with the masses of
the right-handed neutrinos 1 and 1.5 TeV, respectively. The achievable limit for MWR
is now about 1.5 TeV at the triplet Higgs resonance and outside the resonance about
1 TeV, a considerable improvement to the present bound.
Let us now consider the case when the final state quarks are light. As one would
expect, the results are very similar to the heavy quark case considered above. We
checked this by the CompHEP calculations and found that the relative difference in the
cross section is of the order of mt/
√
s, i.e. 20–25%. If we impose for the counterparts
of the top quarks, the c quarks, in the reaction e−e− → ss c¯ c¯ the cut Ec¯1,2 > 190 GeV,
which is very effective in diminishing the SM background (see below), the cross sections
differ not more than 12 %. Accordingly, we have these approximative relationships
among the heavy and light quark cases:
σ(bbt¯t¯) ≈ σ(ssc¯c¯) ≈ σ(ddu¯u¯). (4.12)
Assuming that the Kobayashi-Maskawa matrix elements for the right-handed currents
are the same as for the left-handed ones, the greatest non-diagonal element is |Vus| ≈
0.221. This will yield a suppression factor of 4 · 10−2 to the cross section σ(ssc¯u¯) as
compared with the cross sections above that contain only diagonal currents, and for
the other non-diagonal processes the suppression is even stronger.
In addition to the relationships (4.12) one can immediately write down the following
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approximative relations:
2σ(bbt¯t¯) ≈ σ(bst¯c¯) ≈ σ(bdt¯u¯) ≈ σ(sdc¯u¯).
The factor of two in front of the cross section of e−e− → bbt¯t¯ originates in the identity
of the final state quarks and antiquarks. We have checked also these relations by
CompHEP.
In conclusion, we have the following relations between the cross sections of the
reactions with no, one and two b-jets in the final state:
σ(0b) ≈ σ(1b) ≈ 4 · σ(2b); (4.13)
This relation may be very useful as a test of the LR-model. We show the sensitivity
contours for the processes with one final state b-jet and with no final state b-jets in
Fig. 8 and Fig. 9, respectively. In correspondence with (4.13) they will yield more
severe restrictions for the MWR mass than the heavy quark final state and would give
an essential improvement to the present bound.
5 The SM background
The main SM background of the reaction e−e− → b b t¯ t¯ is due to the process e−e− →
νeνeb b t¯ t¯, which has the same visible particles in the final state. (In the case of light
quarks in the final state one has the analogous background process.) Furhermore,
since it is not possible to distinguish b and b¯ jets from each other, the SM process
e−e− → e−e−b t b¯ t¯ (and analogously for the other quark combinations) is another
important source of background.
To analyse these processes we first note that quark-antiquark pairs can be produced
only from W , Z or Higgs lines. Therefore one can start with considering the processes
e−e− → e−e−W+W−; e−e− → e−e−ZZ; e−e− → e−e−ZH; e−e− → e−e−HH;
e−e− → νeνeW−W−, which were analysed in [20]. The first reaction has the largest
cross section: at
√
s = 1 TeV about 800 fb and at
√
s = 1.5 TeV about 1100 fb. All the
other processes are at least 50 times smaller and may be neglected here. If we use for a
conservative estimation the so-called product×decay (or narrow width) approximation
[19], which assumes that the intermediate W±L -bosons are mostly on shell, we will get
for the background values of order 50–70 fb, which is inconveniently high in comparison
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with our signal. However, if we impose the cut of 50 GeV on the energies of the final
state electrons (whose energy we assume to be possible to determine as missing energy
allthough particles themselves may not be distinguishable from the beam particles),
the cross section σ(e−e− → e− e− W+ W−) diminishes by 3 orders of magnitude and
yields the background at 1 TeV on the 0.1 fb level and at 1.5 TeV on the 0.03 fb.
There is a further suppression in the case of the bbt¯t¯ due to the fact the intermediate
WL bosons should actually be away from the pole as the invariant mass of its decay
products b, t¯ should be greater than mt. This yields alltogether 8 orders of magnitude
suppression of the background, making it fully harmless.
The situation will the the same for the light quarks if one applies the corresponding
cut on the 2-jet invariant mass, i.e. s > m2t . Thus by means of the cut combined with
the measurements of the missing energy it is possible to make the SM background
about 7 orders of magnitude smaller than the investigated process.
Even without measuring the missing energy associated with the electrons, imposing
just the cut on the invariant mass, it will be possible to make the SM background 4
orders of magnitude smaller than the investigated signal.
Thus we can conclude that the e−e− → q q q¯ q¯ processes in the LR-symmetric model
may be well observed above the SM background.
6 Summary
The main results of this paper can be summarized as follows. It is shown that the reac-
tion e−e− → q q q¯ q¯ may be observed at NLC for a wide range of reasonable parameter
values of the left-right symmetric model and already below the WR threshold. For the
collision energy
√
s = 1.5 TeV and luminosity 1035cm−2 · s−1 the lower limit for the
mass of the right-handed gauge boson one could reach is MWR >∼ 1000 GeV. Near the
doubly charged Higgs (∆−−) resonance the lower bound on MWR may reach, and even
exceed, the value of the collision energy. As the lepton number violation and neutrino
masses are intimately connected through the Maojaran mass terms, the strength of
the e−e− → q q q¯ q¯ process increases with the growth of the mass of the right-handed
neutrino. The ”non-diagonal” processes, i.e. the reactions where the q¯q pair or pairs
in the final state mix with fermion families, are essentially suppressed, while all the
”diagonal” processes have approximately the same probability. Process e−e− → b b t¯ t¯
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can be identified as b-tagging is possible. For the processes involving only light quarks
or containing just one b-jet are approximately related to this cross section by eq. (4.6).
The SM background can be suppressed to the level 4 orders of magnitude below
the process rate if the proper cuts in the phase space are applied, and it can be made
even 7 orders of magnitude below the signal level if the full energy of the event can be
reconstructed with the accuracy of 50 GeV.
7 Acknowledgments
One of us (N.R.) is extremely grateful to CIMO organization for the financial support
making his stay in Helsinki possible, and to Theoretical Physics Division of the Depart-
ment of Physics of Helsinki University for warm hospitality. It is also a great pleasure
to thank Alexander Pukhov for helpful instructions for using the CompHEP package.
This work has been supported also by the Academy of Finland under the contract no.
40677.
14
References
[1] J. C. Pati and A. Salam, Phys. Rev D10 (1974) 275; R. N. Mohapatra and J.
C. Pati, Phys. Rev. D11 (1975) 566, 2558; G. Senjanovich and R. N. Mohapatra,
Phys. Rev. D12 (1975); R. N. Mohapatra and R. E. Marshak, Phys. Lett. B91
(1980); R. N. Mohapatra and D. Sidhu Phys. Rev. Lett 38 (1977) 667.
[2] M. Chanowitz, J. Ellis, M. Gaillard Nucl. Phys. B128 (1977) 506; M. V. Burova
and K. A. Ter-Martirosyan Zh.Eksp.Teor.Fiz. 94 (1988) 23.
[3] M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity, eds. P. van Niewen-
huizen and D. Z. Freedman (North Holland 1979);
T. Yanagida, in Proceedings of Workshop on Unified Theory and Baryon Number
in the Universe, eds. O. Sawada and A. Sugamoto (KEK 1979).
[4] A. A. Andrianov and N. V. Romanenko Phys. Atom. Nucl. 60 (1997) 2049.
[5] Y. Fukuda et. al hep-preprint hep-ex/9805006 (1998).
[6] K. Huitu, J. Maalampi, A. Pietil and M. Raidal Nucl. Phys B487 (1997) 27; G.
Barenbojm, K. Huitu, J. Maalampi and M. Raidal Phys. Lett B394 (1997) 132.
[7] T. Rizzo, Phys. Lett. 116 B (1982) 23; D. London, G. Belanger and J. N. Ng,
Phys. Lett. B 188 (1987) 155; J. Maalampi, A. Pietila¨ and J. Vuori, Nucl. Phys.
B 381 (1992) 544, and Phys. Lett. B 297, 327 (1992); J. Maalampi and A. Pietila¨,
Z. Physik C 59 (1993) 257; C. A. Heusch and P. Minkowski, Nucl. Phys. B 416,
3 (1994); J.Gluza and M. Zra lek, Phys. Rev. D 52 (1995) 6238; J.Gluza and M.
Zra lek, Phys. Lett. B 362 (1995) 148; P. Helde, K. Huitu, J. Maalampi and M.
Raidal, Nucl. Phys. B 437 (1995) 305; A. Pietila¨ and J. Maalampi, Phys. Rev. D
52 (1995) 1386.
[8] J. Gunion Int. J. Mod. Phys A11 (1996) 1551; D. London, G. Belanger and J. Ng
Phys. Lett B188 (1987) 155.
[9] e+e− Linear Colliders: Physics and Detector Studies, Part E, Contributions
to the Workshops - Frascati, London, Munich, Hamburg, February to Novem-
ber 1996, ed. R. Settles, DESY 97-123E (1997); E. Accomando et al., Physics
with e+e− Linear Colliders, Physics Reports 299 (1998) 1; DESY Home Page:
http://www.desy.de/conferences/ecfa-desy-lc98.html.
[10] P. A. Baikov et. al hep-ph/9701412; in: Proc. of X Workshop on High Energy
Physics and Quantum Field Theory (QFTHEP-96), ed. by B. B. Levtchenko and
15
V. I. Savrin, Moscow, 1996, p. 101.; E. E. Boos, M. N. Dubinin, V. A. Ilyin, A. E.
Pukhov, V. I. Savrin, Preprint INP MSU 94-36/358 and SNUCTP 94-116 (1994),
hep-ph/9503280.
[11] R.N. Mohapatra, Unification and Supersymmetry, (Springer-Verlag New York
Inc., 1986).
[12] R. Mohapatra Phys. Rev. D34 (1986) 909; R. Barbieri and R. Mohapatra Phys.
Rev. D39 (1989) 1229; N. G. Deshpande, J. F. Gunion, B. Kayser, F. Olness
Phys. Rev. D44 N3 (1991) 837-858; P.Langacker, S. Uma Sankar Phys. Rev D40
N5 (1989)1569-1585; J. Polak and M. Zralek Phys. Rev. D46 N9 (1992) 3871-3875;
J. Polak and M. Zralek Nucl.Phys.B363 (1991) 385-400; J.Maalampi ”Signatures
of Left-Righft Symmmetry at High Energies” in Proceedings of The 2nd Talinn
Symposium on Neutrino Physics eds. I.Ots and L.Palgi (Tartu 1994) p. 30.
[13] M. Cvetic, P. Langacker and B. Kayser, Phys. Rev. Lett. 68 (1992) 2871.
[14] D. Schildknecht, Talk given at International School of Subnuclear Physics: 34th
Course: Effective Theories and Fundamental Interactions, Erice, Italy, July 1996,
preprint BI-TP 96/49; hep-ph/9610366.
[15] Particle Data Group (R.M. Barnett et al.), Phys. Rev. D54, 1 (1996).
[16] A. Blondel, in Proceedings of the 28th International Conference on High-energy
Physics (ICHEP ’96), Warsaw, Poland, 1996, p. 205.
[17] F. Abe et al., CDF Collaboration, Phys. Rev. Lett. 68 (1992) 1463.
[18] J. Hewett and T. Rizzo Phys. Rept. 183 (1989) p. 193.
[19] M. Sachwitz, H. J. Schreiber and S. Shichanin in e+e− Linear Colliders Physics
and Detector Studies, PART E DESY 97-123E, edited by R.Settles, p.349; E.
Accomando, A. Ballestrero and M. Pizzio p.31.
[20] V. Barger, J. F. Beacom, K. Cheung and T. Han Phys. Rev. D50 (1994) 6704; F.
Cuypers, K. Kolodziej and R. Ruckl Phys.Lett B325 (1994) 243.
16
e−
A µ
−
µ+
e−
e−
∆−− µ
−
µ−
diagr.1
e−
e−
∆−− µ
−
µ− µ−
A µ−
µ+
diagr.2
e−
e−
∆−− µ
−
µ− µ+
∆−− µ
−
µ−
diagr.3
e−
e−
∆−− µ
−
µ− µ−
H µ−
µ+
diagr.4
e−
e−
∆−− µ
−
µ− µ−
Z µ−
µ+
diagr.5
e−
e−
∆−− µ
−
µ− µ−
ZR µ
−
µ+
diagr.6
e−
∆−− µ
−
µ−
e−
e−
A µ
−
µ+
diagr.7
e−
∆−− µ
−
µ−
e−
e−
Z µ
−
µ+
diagr.8
e−
∆−− µ
−
µ−
e−
e−
ZR
µ−
µ+
diagr.9
e−
Z µ
−
µ+
e−
e−
∆−− µ
−
µ−
diagr.10
e−
ZR
µ−
µ+
e−
e−
∆−− µ
−
µ−
diagr.11
Figure 1: Feynman diagramms for e−e− → µ−µ−µ−µ+ in the LR-model.
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Figure 2: Feynman diagramms for e−e− → b b t¯ t¯ in the LR-model.
Figure 3: Energy dependence of the full cross section for the process e−e− → b b t¯ t¯ for
different values of ∆−− mass (M ≡ M∆−−) and right-handed neutrino masses: mν2 = 1 TeV
(left upper picture), mν2 = 1.5 TeV (right upper picture), mν2 = 2 TeV (lower picture), (see
comments in the text).
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Figure 4: Cross section for the process e−e− → b b t¯ t¯ and and contours corresponding to
the sensitivity levels σ = 0.01 fb (30 events per year), σ = 0.1 fb (300 events per year),
σ = 1 fb (3000 events per year), for the energy E = 1 TeV, and right-handed neutrino mass
mν2 = 1.5 TeV.
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Figure 5: Cross section for the process e−e− → b b t¯ t¯ and contours corresponding to the
sensitivity levels σ = 0.01 fb (30 events per year), σ = 0.1 fb (300 events per year), σ = 1 fb
(3000 events per year), for the energy E = 1 TeV, and right-handed neutrino mass mν2 = 2
TeV.
20
Figure 6: Cross section for the e−e− → b, b, t¯, t¯ and it’s contourlevels at σ = 0.015 fb (30
events per year), σ = 0.15 fb (300 events per year), at σ = 1.5 fb (3000 events per year) for
the energy E = 1.5 TeV , and the right-handed neutrino mass mν2 = 1 TeV.
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Figure 7: Cross section for the e−e− → b, b, t¯, t¯ and it’s contourlevels at σ = 0.01 fb (30
events per year), σ = 0.1 fb (300 events per year), σ = 1 fb (3000 events per year) for the
energy E = 1.5 TeV , and the right-handed neutrino mass mν2 = 1.5 TeV.
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Figure 8: Contourlevels at σ = 0.015 fb (30 events per year), σ = 0.15 fb (300 events per
year), σ = 1.5 fb (3000 events per year) for the processes with 1 b-jet or with light-quarks
only in the final state (see comments in the text) for the energy E = 1 TeV , and the right-
handed neutrino masses: mν2 = 1 TeV (on the top), mν2 = 1.5 TeV (in the middle) and
mν2 = 2 TeV (in the bottom).
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Figure 9: Contourlevels at σ = 0.01 fb (30 events per year), σ = 0.1 fb (300 events per
year), σ = 1 fb (3000 events per year) for the processes with 1 b-jet or with light-quarks
only in the final state (see comments in the text) for the energy E = 1.5 TeV , and the
right-handed neutrino masses: mν2 = 1.5 TeV (on the top) and mν2 = 1 TeV (in the
bottom).
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